Mantle cell lymphoma (MCL) 1 accounts for ϳ5% of adult non-Hodgkin lymphoma in the United States and Europe and is characterized by malignant transformation of the mantle zone cells surrounding the germinal centers. This B cell nonHodgkin lymphoma has a poor prognosis and a median survival time of ϳ3-5 years (1). It predominantly affects older, male adults, and at the time of diagnosis the majority of patients have malignant cell invasion of spleen, bone marrow, and particularly the gastrointestinal tract (2) . As MCL responds poorly to therapy, there is a need to develop new or improved therapeutic strategies (3) . MCL is characterized by the t(11;14)(q31;q32) translocation resulting in the up-regulation of cyclin D1 (4), although cyclin D1 overexpression alone cannot induce lymphoma (5) . Gene expression profiling of mantle cell lymphoma has identified differentially expressed genes involved in apoptosis, cell cycle, and metastasis that may contribute to its distinctive pathology (6 -8) . Although RNA microarray studies of many diseases have identified gene markers that may be valuable as prognostic or diagnostic tools, there are very few studies that have validated and correlated the gene and protein expression data. Such information is necessary for developing rational mechanism-based therapy and also identifying potential surface membrane or antigen proteins that could be potential therapeutic targets. Significantly several studies have shown a discordant correlation between mRNA transcript and protein levels (9, 10) . For example during cell stimulation or differentiation the correlation between the differential expression of mRNA and protein expression is no greater than 40% (11) , and during stem cell differentiation, 46% of 145 changes observed in protein expression were not detected at the mRNA level (12) .
Many studies have only compared global mRNA and protein expression in whole cells, and this approach ignores the effects of translational regulation, post-translational processing, and protein degradation. For plasma membrane-associated proteins additional factors such as internalization, recycling, and post-translocation modifications can also affect protein localization in the plasma membrane. Consequently membrane proteins can show an even greater discordance between mRNA transcript and protein levels; for example, in a human mesenchymal stem cell line undergoing osteoblast differentiation, there was no correlation (except for alkaline phosphatase) between the gene and protein expression (13) . Similarly in chronic lymphocytic leukemia (CLL) and multiple myeloma, although there was good correlation between gene and protein expression of CD19, CD20, CD23, and CD138 cell surface markers, other proteins including immunoglobulin light chain, CD38, and CD79b (CLL) and CD45 and CD52 (multiple myeloma) showed no correlation between gene and protein expression (14) .
To understand the pathogenic mechanisms underlying MCL it is important to characterize the protein differences at a cellular and more specifically at a plasma membrane level. Thus, two-dimensional gel electrophoresis has been used to compare the protein profiles of lymph node tissue in MCL patients and normal control samples (15) . A protein (antibody) microarray study compared proteins in CD19 ϩ purified B cells obtained from normal tonsils and histologically confirmed MCL patients (16) . This approach identified proteins that had not been identified by earlier gene expression profiling approaches. However, protein microarrays are limited by the size and composition of the antibody array, and in this respect, mass spectrometry has an advantage as it can unequivocally identify both known and novel proteins. Furthermore mass spectrometry coupled with cell fractionation and protein purification techniques enables a functional proteomics approach to be applied in which protein expression can be linked directly to biochemical/pathological changes in the affected cells or tissue.
In the current study we focused on characterizing the differential expression of proteins in the MCL plasma membrane as compared with normal B cells and also identifying novel MCL plasma membrane proteins with novel defined as either (i) a protein hitherto unknown in B cells, (ii) a protein identified within genomics databases but uncharacterized, or (iii) a known protein not normally believed to be associated with the plasma membrane. Therefore, we purified plasma membranes from B cells isolated from MCL patients in leukemic phase of disease (to derive sufficient numbers of purified MCL B cells). The plasma membrane proteins were then separated by 1D SDS-PAGE and identified by LC-MS/MS shotgun proteomics. This approach overcomes the limitations of using two-dimensional gels for membrane proteins and also provides information on post-translational modifications. Shotgun proteomics can be used to estimate the abundance of proteins in complex mixtures as the number of spectra (spectral counts) identified for each protein varies according to relative protein abundance within the sample (17) . The spectral count technique has been used, for example, in studies to identify and compare protein and mRNA transcript changes (18) . Using this approach we identified 423 proteins, including 111 transmembrane proteins, and we used immunoblotting and RT-PCR to profile selected proteins in normal and MCLderived B cells. Significant changes were detected in a number of proteins associated with plasma membranes and lipid raft domains of MCL cells. Some of these proteins may be potential targets for therapy, and for example one protein, 5-lipoxygenase (5-LO), was markedly overexpressed in MCL cells and cell lines. Significantly inhibitors of 5-LO and the leukotriene biosynthesis pathway are potent inducers of apoptotic cell death of malignant B cells, suggesting a new therapeutic approach.
EXPERIMENTAL PROCEDURES
Cell Purification and Cell Lysate Preparation-MCL peripheral blood samples were derived from patients attending the CLL clinic at Leicester Royal Infirmary after ethics committee review and after obtaining informed, written consent. Five patients with lymphocyte counts greater than 50 ϫ 10 6 /ml were selected for this study to minimize possible contamination of tumor cells by normal hemopoietic cells. Clinical characteristics of these patients are detailed in supplemental Table 1 , and confirmation of MCL diagnosis was obtained by immunophenotyping, metaphase cytogenetics, interphase fluorescence in situ hybridization, and high expression of cyclin D1. MCL leukemic cells were purified as described previously (19) to a purity of Ͼ95% as determined by flow cytometry. Purified CD19 ϩ B cells from normal individuals were purchased from Yorkshire Bioscience (York, UK). MCL-derived cell lines and their characteristics have been described previously (20) and were obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ). Cell line cultures were grown in RPMI 1640 medium, 10% fetal calf serum, and 2 mM GlutaMAX TM . Whole cell lysates of MCL cells or CD19 ϩ selected lymphocytes were prepared in 1D lysis buffer without reducing agent, glycerol, and bromphenol blue (62.5 mM Tris-HCl, pH 6.8, 2% (w/v) SDS) and heated for 5 min at 95°C. The whole cell lysate was centrifuged at 100,000 ϫ g for 1 h, and the protein was assayed using the BCA TM protein assay kit (Pierce) .
Cell Fractionation and Plasma Membrane Preparation-Cells were fractionated, and plasma membranes were purified as described previously (21) in buffers containing 0.5 ml of protease inhibitor mixture (Sigma-Aldrich) in 20 ml of purified MCL cells (10 9 ), which were washed three times in PBS, resuspended (1 ϫ 10 9 cells/20 ml) in homogenization buffer (0.25 M sucrose, 10 mM HEPES, pH 7.4, 1 mM EDTA, 0.02% sodium azide), and disrupted with a ball-bearing homogenizer (Isobiotec, Heidelberg, Germany). Cell membranes/nuclei were removed by sequential centrifugation at 1000 ϫ g for 10 min and 3000 ϫ g for 10 min, and the postnuclear supernatant was layered onto a 2-ml (60%, w/v) sucrose cushion before centrifuging at 100,000 ϫ g for 1 h. The floating crude plasma membranes were harvested and adjusted to 15% (w/v) sucrose in 10 mM HEPES, pH 7.4 buffer and then purified by sucrose density centrifugation (21) . Aliquots from the fractionated sucrose gradient were separated by 4 -20% 1D SDS-PAGE (Invitrogen) and analyzed by Western blotting for plasma membrane marker proteins. Fractions containing CD20 and transferrin receptor (plasma membrane markers) but not oxi-doreductase II (mitochondrial) or calnexin (endoplasmic reticulum) were pooled and constitute the plasma membrane fraction.
Lipid Raft Generation-Lipid rafts were prepared from 100 ϫ 10 6 cells that were solubilized in 1 ml of 1% Triton X-100, 1 mM EDTA, 50 mM Tris-HCl, pH 7.4 on ice for 30 min and purified by sucrose density gradient purification (22) . The whole cell lysate was diluted with 80% sucrose (in homogenization buffer) to a final concentration of 40% sucrose (4 ml) and was overlaid with 30% (5 ml) and 5% (4 ml) sucrose buffer (without Triton X-100). The discontinuous sucrose gradient was centrifuged for 17 h at 100,000 ϫ g at 4°C, and lipid rafts were harvested from the interphase of the 5 and 30% sucrose bands and centrifuged at 100,000 ϫ g for 1 h at 4°C. The lipid raft pellet was then solubilized in SDS sample buffer and analyzed as described below.
Shotgun Proteomics-Solubilized plasma membrane fractions were separated by 4 -20% 1D SDS-PAGE and stained with colloidal Coomassie Blue, and the gel lanes were sequentially sliced into 1 ϫ 3-mm sections covering a molecular mass range between 20 and 200 kDa. Gel slices were subjected to in-gel tryptic digestion using an In-gel Digest ZP kit (Millipore). Tandem electrospray spectra were obtained using a Q-TOF hybrid quadrupole/orthogonal acceleration TOF spectrometer (Waters) interfaced to a CapLC chromatography system (Waters). Sample digests dissolved in 5% formic acid were applied (6 l) to a 3-m Atlantis TM dC 18 column (Waters). Mass spectrometry data were acquired using MassLynx 4.0 with automatic precursor ion selection of doubly and triply charged ions. The acquired mass spectra were processed by ProteinLynx Global Software 2.2, and data files (.pkl format) were directly submitted to the MAS-COT search engine for MS/MS ion database searching. The database searched was the non-redundant protein sequence database UniProtKB/Swiss-Prot (release 52.5 with a total of 267,354 sequence entries). The parameters used for MASCOT searches were as follows: up to three missed cleavages; 0.4-Da mass accuracy for the parent and fragment ions, respectively; and variable oxidization of the methionine (variable modification). Scaffold (Proteome Software Inc., Portland, OR) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95% probability as specified by the Peptide Prophet algorithm (23) . Protein identifications were accepted if they could be established at greater than 90% probability and contained at least two identified peptides with MASCOT scores of Ͼ35. In some cases where the protein was identified by a single peptide with a MASCOT score Ͼ30 the spectrum was interpreted manually. For quantitative purposes, protein abundance was assessed by calculating the spectral count values for each protein as described earlier (17) . In this analysis the spectral count is defined as the total number of spectra identified from a protein with the proviso that each peptide had a MASCOT score Ͼ30. In addition MS/MS spectra were also searched against a corresponding random sequence (decoy) database (MASCOT), and the false discovery rate (FDR ϭ number of validated decoy hits/(number of validated target hits ϩ number of decoy hits) ϫ 100)) calculated for all samples was Ͻ2%. Significant proteins or proteins of special interest were validated further by expression profiling using RT-PCR and immunoblotting (see below).
Western Blot Analysis-Aliquots (10 g) of cell lysate or plasma proteins were separated by 4 -20% 1D SDS-PAGE, transferred onto nitrocellulose membranes, and probed with the appropriate antibodies before detection by enhanced chemiluminescence (ECL or ECL plus Western blotting Detection Reagent, GE Healthcare, Amersham Biosciences) as described previously (19) . Primary antibodies were used at the following dilutions: anti-actin (1:1000) from Sigma-Aldrich; anti-transferrin (1:1000) from Zymed Laboratories Inc.; anti-oxidoreductase II (1:2000) and anti-calnexin (1:1000) from Affinity Bioreagents (Cambridge Bioscience, Cambridge, UK); anti-PKC␤ phospho-Thr-500 (1:1000), anti-PAG (MEM-255) (1:1000), and anti-PAG (ab14989) (1:1000) from Abcam PLC (Cambridge, UK); anti-CD22 (1:1000), anti-CD31 (1:1000) and anti-CD27 (1:1000) from R&D Systems Europe Ltd. (Abingdon, Oxfordshire, UK); anti-cyclin D1 (1:200) from NeoMarkers (Stratech, Newmarket, Suffolk, UK); anti-Lyn (1: 2000), anti-flotillin 1 (1:1000), and anti-PKC␤ (both isoforms) (1:1000) from BD Biosciences; anti-CD27L (1:500), anti-PKC␤I (1:1000), anti-PKC␤II (1:1000) from Santa Cruz Biotechnology; and anti-CD20 (1: 1000) from Dako UK (Ely, Cambridgeshire, UK). Anti-raftlin antibody (1:1000) was a kind gift provided by Dr. A Yoshimura, Division of Molecular and Cellular Immunology, Medical Institute of Bioregulation, Kyushu University, Fukuoka, Japan. Additional antibodies obtained from other sources are as indicated in the legends to the figures. For normalization purposes, actin was used as the loading control. The blots were detected with ECL using multiple film exposures and densitometry to determine the volume of each band (arbitrary units) using ImageQuant TL software (GE Healthcare). The samples were then normalized using their respective actin loading control.
Analysis of Apoptosis-Apoptotic cell death in MCL cell lines and primary CLL cells was assessed by flow cytometry of annexin Vfluorescein isothiocyanate/propidium iodide-stained cells as described previously (24) . Cells with increased annexin V binding to phosphatidylserine (PS ϩ ) were analyzed using a BD FACSCalibur flow cytometer and CellQuest software (BD Biosciences). Additional experiments were carried out using the DNA dye Hoechst 33342 to stain normal and apoptotic nuclei in permeabilized cells. Images were collected and analyzed by confocal microscopy on a Zeiss LSM510 with Axiovert 200 microscope and 405 nm laser. Samples for Western blot analysis of caspase-9 and caspase-3 activation were processed and run as described previously (24) .
Real Time RT-PCR Quantification of mRNA for Selected Membrane-associated Proteins-RNA was prepared from cultured cells or freshly isolated cells using the RNeasy minikit (Qiagen). RNA was quantitated by absorbance (260/280 nm), and purity was assessed by gel electrophoresis. The SuperScript III first strand synthesis system (Invitrogen) was used to synthesize cDNA from RNA by extension with random hexamer primers and reverse transcriptase. PCR primers were designed with primer express software (Applied Biosystems), and where possible, amplicons that span over two or more exons were selected. The PCR primers used were as follows: Cbp/PAG, sense 5Ј-GCCGTCCGCCAGGAA-3Ј and antisense 5Ј-CCAACTGC-TGAAATAGGAGAAAAAT-3Ј; PKC-␤II, sense 5Ј-TTGTGGGCGAAA-TGCTGAA-3Ј and antisense 5Ј-CTGGTCGGGAGGTGTTAGGA-3Ј; PKC-␤I, sense 5Ј-AGCCAAGCGTATGTATCAATTCTAGTC-3Ј and antisense 5Ј-GACAAGCTTTCCACATGTTGAATG-3Ј; CD70, sense 5Ј-TCTGCCTCGTGGTGTGCAT-3Ј and antisense 5Ј-GCTGAGGTCCTG-TGTGATTCAG-3Ј; CD27, sense 5Ј-CGGCACTGTAACTCTGGTC-TTC-3Ј and antisense 5Ј-CGACAGGCACACTCAGCATT-3Ј; Cyclin D1, sense 5Ј-CCGTCCATGCGGAAGATC-3Ј and antisense 5Ј-GAA-GACCTCCTCCTCGCACT-3Ј; Raftlin, sense 5Ј-GGACTTCACACTAA-ATGATGCT-3Ј and antisense 5Ј-GAGCTGGAAGATCACGCAAAG-3Ј. PCRs containing cDNA, SYBR Green sequence detection reagents (PE Biosystems), Taq polymerase, and sense and antisense primers were assayed on an ABI7000 sequence detection system (PE Biosystems). The PCR conditions were one cycle at 50°C for 2 min, one cycle at 95°C for 10 min, and 40 cycles at 95°C for 15 s and 60°C for 1 min. PCR products were measured in real time by the increase in SYBR Green fluorescence, and data were analyzed using the Sequence Detector program (PE Biosystems). Relative amounts of mRNA in two samples, for instance normal B lymphocytes and MCL cells, were quantified using the comparative C t method (25) . The TATA box-binding protein was used as the housekeeping gene, and the amplification efficiencies of the target and TATA box-binding protein genes were approximately equal.
RESULTS

Identification of Transmembrane Proteins in MCL Plasma
Membranes-A major aim of this study was to identify previously uncharacterized cell surface proteins in MCL plasma membranes. Using shotgun proteomics we identified extrinsic and intrinsic proteins in plasma membranes purified from primary B cells obtained from two patients (MCL-P2 and MCL-P5) and from two MCL-derived cell lines (Z138 and JVM2). In this initial screen, a total of 423 proteins were identified, and from this global list, several proteins were selected for expression profiling using Western blotting and RT-PCR. Proteins were selected for expression profiling and further analysis according to the criteria described in Fig. 1 . Potential transmembrane and plasma membrane-associated proteins were identified using in silico analysis of cell or tissue expression (26) and lymphoid specific-cell expression of mRNA in microarray data from naïve B lymphocyte and MCL cells (6, 27) .
The spectral count values of selected proteins that were identified in patient plasma samples are shown in Fig. 2A . For example, CD20, CD22, and CD79a/CD79b are abundant proteins in B cell plasma membranes and were readily identified by LC-MS/MS in both patient samples with high spectral counts ( Fig. 2A) . Other less abundant cell surface proteins (e.g. CD82 and CD44) were also identified with correspondingly lower scores ( Fig. 2A) . The spectral count data also give a good estimate of the relative abundance of the individual proteins or class of proteins (Fig. 2B ). The B cell receptor (BCR) and cell surface membrane and HLA proteins were all highly expressed and identified by LC-MS/MS. Atypically and FIG. 1. Flow chart detailing how proteins were selected for expression profiling and further follow-up studies. The flow chart details how selected proteins were identified, characterized, and selected for further studies using bioinformatics analysis to characterize the proteins in terms of structure and cellular and tissue localization (see also Fig. 2 ).
of potential interest, oxytocinase appeared to be a highly abundant protein in MCL plasma membranes as it was detected by LC-MS/MS (with high spectral counts) in both patient samples ( Fig. 2A) . Highly abundant proteins such as oxytocinase, CD22, and CD20 accounted for 16% of the total number of peptides identified (Fig. 2B) . FIG. 2. Identification and characterization of transmembrane and membrane-associated proteins in MCL plasma membranes. MCL plasma membranes from two patients, MCL-P2 and MCL-P5, and two MCL cell lines, JVM2 and Z138, were analyzed using shotgun proteomics. A, the abundance of selected proteins was assessed by determining the spectral count for each protein as described under "Experimental Procedures." B, the relative abundance of individual and membrane protein types in the MCL-P5 patient plasma membrane preparation is shown as a pie chart. The abundance of each protein/class was calculated by dividing individual scores by the total number of identified spectra obtained for all proteins with a known or predicted transmembrane region. Using the criteria listed under "Experimental Procedures" we identified 111 transmembrane proteins that were subcharacterized as shown (C) and 37 peripheral proteins that were classified according to known enzymic activity (D). E, selected proteins were profiled by Western blotting (W.B.) with specific antibodies as described under "Experimental Procedures." CD70, CD27, CD22, cyclin D1, and actin (loading control) expression are shown for B cells isolated from normal subjects (B1-B3) and from five MCL patients (P1-P5). F, CD27 and CD70 immunoblots of B cells isolated from normal subjects and MCL cells were quantitated by densitometry with the band volumes (arbitrary units) normalized to their respective actin loading controls. The mean Ϯ S.E. for CD27 and CD70 for the normal B cells (n ϭ 3) was 12.3 Ϯ 0.6 and 12.52 Ϯ 2.3, respectively. The corresponding values for CD27 and CD70 in the MCL patient cells (n ϭ 5) were 92.2 Ϯ 16.3 and 138.4 Ϯ 47.9, respectively.
From the initial list of proteins, we selected 111 transmembrane proteins that were characterized further by bioinformatics analysis and subdivided into CD and known and unknown (previously or not previously identified in B cells, for e.g. HVCN1) transmembrane proteins, including HLA class I, HLA class II, and cell surface immunoglobulins ( Fig. 2C and supplemental Table 2 ). HLA class proteins were not analyzed further. Cyclin D1 was used as a signature MCL marker protein, and as expected this was very high in all five MCL patients but was virtually undetectable in the normal B cells (Fig. 2E) . A large number of CD marker proteins were identified, and representative proteins were expression-profiled in MCL whole cell lysates and compared with control, peripheral B cells that were isolated from normal, healthy age-matched patients.
Thus, for example CD70 was detected by LC-MS/MS in MCL cell line plasma membranes (supplemental Table 1 ) and is a type II transmembrane glycoprotein expressed on a small subset of circulating B cells (28) . Western blotting with an antibody raised against the N terminus of CD70 revealed that CD70 was up-regulated in primary MCL cells in four of five patients when compared with normal CD19 ϩ B cells (Fig. 2E ). Densitometric quantitation using actin as a loading control showed that there was an approximately 3-to Ͼ10-fold increase in CD70 content in MCL cells compared with normal B cells (Fig. 2F) . Analysis of MCL and normal B cell RNA also showed that CD70 mRNA levels were markedly up-regulated in agreement with the increased protein expression (data not shown). CD27 is the receptor for CD70 and has been reported previously to be up-regulated in MCL cells (29); we confirmed this by Western blotting, which detected CD27 in MCL membranes migrating with an apparent molecular mass of 50 -55 kDa on SDS-PAGE (Fig. 2E) . CD27 was up-regulated (4 -9-fold) in primary MCL cells compared with normal B cells (Fig.  2F) , and RT-PCR analysis also showed a good correlation between the increase in CD27 mRNA levels and protein expression (data not shown). In conclusion both CD27 receptor and CD70 ligand were strongly up-regulated in four of five MCL patients.
CD31 (PECAM-1), which was identified in a gel slice corresponding to a molecular mass of approximately 140 kDa (Fig.  2A and supplemental Table 2 ), is a transmembrane member of the immunoglobulin superfamily that is expressed in normal B cell subpopulations (30) . We therefore profiled the expression of CD31, which was detected by Western blotting in both normal B and MCL patient cells. CD31 was up-regulated in three of five of the MCL patient cells as compared with the normal B cells (Fig. 2E ). CD70 and CD31 showed a similar pattern of up-regulation in that both these CD markers were strongly up-regulated in patients 3, 4, and 5.
Other proteins of interest were also identified as transmembrane proteins that hitherto had not been detected in either B or MCL cells. Thus, TRPV2 and HVCN1 are ion channels with unknown function in B cells. TRPV2 was identified in Z138 plasma membranes by LC-MS/MS of tryptic digests of gel slices corresponding to a molecular mass of Ͼ150 kDa (supplemental Table 2 ). TRPV2 is a calcium-permeable, non-selective cation channel that has not been reported to be expressed in B cells before, although gene expression analysis indicated that it was also expressed in other hematopoietic cells such as T cells, monocytes, and dendritic cells (26) . Finally HVCN1 (MGC15619; supplemental Table 2 ) was detected in MCL-P2 plasma membranes, and expression profiling using RT-PCR data showed similar levels of mRNA for HVCN1 in both normal B and MCL cells, whereas T cells and monocytes had little or no mRNA expression (data not shown). The exact function of HVCN1 is unknown, although recent reports have characterized the HVCN1 protein as a voltage-gated proton-selective channel with high expression in lymph node tissues (31) . The role of HVCN1 in MCL and B cells is being investigated, and ongoing experiments show that HVCN1 co-localizes with the B cell receptor and is involved in class switch recombination (32). 2 Aberrant Localization of Proteins in the MCL Plasma Membranes-In addition to the transmembrane proteins we also identified 37 peripheral membrane-associated proteins that were subcategorized as phosphatases, kinases, calciumbinding proteins, proteases, and unknown proteins (Fig. 2D and supplemental Table 3 ). Calpain 1 for example is a protein that upon activation is transported to the plasma membrane where it facilitates actin cytoskeleton reorganization (33, 34) . Calpain 1 was detected in MCL-P5 plasma membranes by LC-MS/MS mass spectrometry (supplemental Table 2 ). The calpain 1 proenzyme (80 kDa) undergoes calcium-dependent autoproteolysis to remove the first 26 N-terminal amino acids to yield the processed enzyme (76 kDa). Formation of the 76-kDa subunit is specifically carried out by active calpain, and its presence can be used to confirm calpain activation. Using immunoblotting we detected the 76-kDa active calpain subunit in MCL plasma membranes, whereas both the 80-kDa proform and the 76-kDa form were detected in whole cell lysates from all five patients (data not shown). Interestingly in three normal B cell lysates that were analyzed only the 80-kDa proenzyme was detected.
PKC␤ is another enzyme that on activation is translocated to the plasma membrane and was one of the most abundant of the 13 kinases identified by LC-MS/MS (supplemental Table 2). Expression profiling carried out using a specific PKC␤ antibody and an anti-phospho-PKC␤ antibody (Thr-500) showed that PKC␤ was phosphorylated and catalytically competent (data not shown). Overall cellular levels of levels of PKC␤ were similar in normal B and MCL primary cells (Fig.  3A) . However, isoform-specific antibodies to PKC␤I and -II showed the PKC␤II isoform was specifically elevated (approximately 8-fold) in the plasma membrane of primary MCL cells as compared with normal B cells (Fig. 3B) . Furthermore immunoblotting with the anti-phospho-PKC␤ antibody showed that PKC␤ associated with the plasma membrane in both MCL cell lines and primary cells was in the phosphorylated active form (Fig. 3C) . Thus, the change in PKC␤II at the MCL plasma membrane (Fig. 3B ) appears to be due to an increase in translocation/association of the active phosphorylated kinase to the plasma membrane.
Characterization of the MCL Lipid Raft Proteome-Activated PKC␤II has been reported to be recruited to lipid rafts during BCR signaling and to control IB kinase lipid raft recruitment and activation (35) . C-terminal Src kinase (CSK) is another kinase associated with lipid rafts (36) , and interestingly we also identified raftlin (not listed in the defined categories shown supplemental Table 3 ), which is reported to be a B cell-specific lipid raft protein (22) . These findings and the fact that activated PKC␤II was detected in the plasma membrane indicated that in MCL the protein composition and functioning of lipid rafts was altered. To investigate this possibility we purified lipid rafts from MCL primary cells and cell lines by sucrose density centrifugation. The fractionated gradients were immunoblotted for known constitutive lipid raft proteins, Lyn kinase, and flotillin 1 (36) , which sedimented in fractions 1, 2, and 3, the interphase segment of the discontinuous 5-30% sucrose gradient (Fig. 4A) . Similar preparations were then obtained from the indicated MCL primary cells and cell lines and analyzed by LC-MS/MS and shotgun proteomics. Over 100 proteins were detected by mass spectrometry (supplemental Table 4 ), although surprisingly PKC␤II was not detected, indicating that the increased amounts of PKC␤II associated with the plasma membrane was not due to its recruitment to lipid rafts.
However, characterization of the MCL lipid raft proteome by mass spectrometry analysis identified Lyn kinase, flotillin, ezrin, Cbp/PAG, CSK, and raftlin (Table I) , which are known constituents of lipid rafts (36, 37) . Raftlin, which was detected in Z138 and JVM2 cell lines (Table I) , is a myristoylated lipid raft B cell-specific associated protein and is required for the integrity of lipid rafts and BCR signal transduction (22) . However, unlike the lipid rafts prepared from the cell lines, raftlin peptides were not detected in lipid raft preparations derived from patient cells (Table I) . This suggested that primary MCL cells have little or no raftlin present in the lipid raft fractions, and this was confirmed by Western blotting of total cell lysates obtained from normal B and primary MCL cells. Thus, raftlin was detected as an 85-kDa protein in normal B cell preparations but not in the patient MCL samples (Fig. 4B) . Furthermore although raftlin was strongly detected in lipid raft fractions isolated from MCL cell lines, it was difficult to detect in lipid rafts isolated from primary (three patients) MCL cells (Fig. 4B) raftlin mRNA in MCL patients was strongly down-regulated (Х6-fold) in four of five MCL patient samples as compared with normal B cells (Fig. 4C) . One patient (MCL-P1) exhibited normal levels of raftlin mRNA.
The very low levels of raftlin in MCL cells indicated that in primary tumor cells the lipid raft proteome is altered or abnormal, and immunoblotting was used to profile the lipid raft fractions for the presence of selected known lipid raft proteins.
Thus, relatively large amounts of the lymphoid transmembrane adaptor CSK-binding protein (Cbp)/phosphoprotein associated with glycosphingolipid-enriched microdomains (PAG) (38, 39) were identified in Z138 lipid rafts by mass spectrometry (Table  I) . PAG migrated with an apparent molecular mass of ϳ70 kDa on 1D SDS-PAGE (Fig. 4B) . We confirmed this result using two different antibodies raised against Cbp/PAG and showed that Ͼ90% of the cellular protein was localized in the MCL cell line ) was used to confirm the distribution of flotillin 1 and Lyn in MCL P1 lipid rafts that had been purified by sucrose density gradient purification of Triton X-100 cell lysates as described under "Experimental Procedures." The discontinuous sucrose gradient was fractionated as indicated, and fractions 1, 2, and 3 represent regions in the density gradient where lipid rafts should be found. This method was then used to purify lipid rafts from MCL cell lines and MCL patient cells, and the lipid rafts were separated by SDS-PAGE and analyzed by shotgun proteomics as described in Fig. 1 . Selected proteins that are typical of lipid rafts are detailed in Table I . In B, Western blotting was used to compare the expression of raftlin, flotillin, Lyn, Cbp/PAG, 5-lipoxygenase, and actin in normal B cell (B1-B3) and MCL patient (P1-P5) whole cell lysates (Cells). Lipid rafts prepared from three patients and two MCL cell lines were also immunoblotted for these proteins. Z138 lipid raft fraction (data not shown). However, mass spectrometry did not detect Cbp/PAG in lipid raft samples derived from primary MCL patients (Fig. 4B) , although Western blotting with long ECL exposures did reveal an immunoreactive band in all MCL lipid raft samples obtained from patients. These results indicated that Cbp/PAG, a known lipid raft protein, was underexpressed in primary MCL cells, and RT-PCR showed that mRNA levels in MCL patients were also markedly down-regulated (up to 5-fold) in four of four MCL patient samples. So in the case of this particular lipid raft protein, primary MCL cells exhibit marked differences when compared with MCL cell lines.
5-LO Aberrantly Localizes in Lipid Rafts in MCL-
Mass spectrometry identified 5-LO in lipid rafts isolated from one MCL cell line and three MCL patients (Table I) . Immunoblotting also showed a significant difference in expression between normal B and MCL cells. Thus, 5-LO (molecular mass, ϳ80 kDa) was markedly up-regulated in cells isolated from all five patients (Fig. 4B) . In two of three normal B cell lysates it was also weakly detected by immunoblotting but at very much lower levels than in the MCL cells. The mRNA levels of 5-LO as measured by RT-PCR were elevated (ϳ3-14-fold) in primary MCL cells as compared with normal B cells (Fig. 4C) . High levels of 5-LO were also detected by Western blotting in purified lipid rafts obtained from three patients and one MCL cell line (Z138), although in comparison the SP53 cell line lipid raft preparation contained only a small amount of 5-LO.
Inhibitors of 5-LO Induce Apoptosis in MCL Cell Lines and
Primary CLL Cells-5-LO catalyzes the stereospecific oxygenation of arachidonic acid to form 5-hydroperoxyeicosatetraenoic acid, which is metabolized to either 5-HETE or the highly unstable allylic epoxide leukotriene LTA 4 . The latter is hydrolyzed to LTB 4 or sequentially converted into LTC 4 , LTD 4 , and LTE 4 (for a review, see Ref. 40) . In the unactivated cell 5-LO is located either in the cytosol or the nucleus, and after activation 5-LO migrates to the nuclear membrane where 5-LO-activating protein (FLAP) facilitates docking of arachidonic acid to 5-LO. Nuclear translocation is critical for 5-LO activity as it is at this location that it binds to FLAP and encounters phospholipase A 2 . Thus, the active form of 5-LO should be located in the nucleus, and our finding that 5-LO is a component of the lipid rafts of MCL cells is unexpected.
Aberrant expression of 5-LO has been observed in a variety of cancer cells (for reviews, see Refs. 40 -42) and appears to promote cell proliferation while suppressing apoptosis. 5-LO overexpression has been correlated with increased resistance to apoptosis of Epstein-Barr virus-infected lymphomas (43), and 5-LO inhibitors induce apoptosis that can be antagonized by 5-LO metabolites (i.e. 5-HETE and 15-HETE). We therefore investigated the effect of lipoxygenase inhibitors in MCL cell lines using AA861 (5-LO) and MK886 (FLAP) inhibitors (44) . Both these compounds were potent inducers of cell death in Z138 and SP53 MCL cell lines as assessed by an increase in the numbers of cells with high annexin V binding (Fig. 5, A and 
TABLE I Membrane-associated proteins identified in MCL lipid rafts
Membrane-associated proteins identified by LC-MS/MS spectrometry in MCL plasma membrane preparations are shown. Proteins were identified as described under "Experimental Procedures," and for those proteins where multiple peptides were identified only the number of peptides and percentage sequence coverage are given. For those proteins where a single peptide was identified, the m/z value, error, percentage of peptide sequence, and MASCOT ion score are given. In some cases, multiple independent spectra for the same peptide were acquired and identified. For the single peptide identifications for CSK and 5-lipoxygenase, MS/MS spectra are provided in the supplemental single peptide spectra. . Apoptotic cells normally exhibit high annexin binding (due to phosphatidylserine externalization) and low PI staining, whereas (secondary) necrotic cells usually exhibit high annexin V and PI fluorescence due to the increased permeability of the plasma membranes. In many cases the apoptotic phase of cell death is followed by secondary necrosis that is seen in fluorescence-activated cell sorting analysis as two populations of PS ϩ cells with high (necrotic) and low (apoptotic) levels of PI fluorescence. Both AA861 and MK886 induced high levels of PS ϩ cells as judged by increased annexin V binding in a time-dependent and concentration-dependent manner (Fig. 5, D and E) . The transition from apoptotic to necrotic phenotype appeared to be very rapid with both AA861 and MK886 inhibitors (Fig. 5, A and B) as most of the cells exhibited high PS ϩ and PI staining. However, Hoechst 33342 staining clearly showed that AA861 induces typical apoptotic nuclei morphology (Fig. 5C) . A key feature of apoptotic death is the induction of the caspase cascade, which can be inhibited by Z-VAD-fmk, a polycaspase inhibitor. Significantly Z-VAD-fmk abolished the appearance of apoptotic nuclei in AA861-treated Z138 cells (Fig. 5C ) and also inhibited MK886-induced cell death in SP53 cells as shown by the increased number of viable cells (Fig. 5A, lower left quadrant) and a decrease in PS ϩ cells. In the latter case the presence of Z-VAD-fmk revealed the tracking of the apoptotic cells to the secondary necrotic phenotype. Furthermore AA861 induced in Z138 cells a time-dependent (data not shown) and concentration-dependent processing of caspase-9 and caspase-3 to yield the signature cleavage products. Caspase-9 and -3 processing was inhibited by Z-VAD-fmk, clearly demonstrating induction of the intrinsic (mitochondrial) cell death pathway (Fig. 5F ). Finally AA861 was also a potent inducer (EC 50 ϳ 50 M) of apoptotic cell death in primary CLL cells that was inhibited by Z-VAD-fmk (Fig. 5E ), demonstrating that inhibitors of the 5-LO pathway induce cell death in MCL cell lines and CLL primary cells.
DISCUSSION
Ideally potential candidates for antibody therapy should be highly expressed antigen/proteins at the outer surface of the cell membrane and have low expression in normal B cells and a corresponding high and universal expression in MCL tumor cells. Although microarray studies can provide sensitive and quantitative information on the relative expression of most genes, such studies do not provide information on posttranslational modifications or change in plasma membrane and organelle composition. The LC-MS/MS and shotgun proteomics approach used in the current study overcomes these limitations. The data presented here are the first comprehensive analysis of the plasma membrane proteome of MCL primary cells and cell lines. A large number of CD markers were identified in mantle cell plasma membranes ( Fig. 2 and supplemental Table 2 ). For example, CD70 was identified in MCL cell lines, and three of five patients exhibited marked up-regulation of CD70 as compared with normal B cells. CD27, its cognate receptor, was barely detectable in normal B cells but was markedly up-regulated in all patient plasma membrane samples (Fig. 2E) . The RT-PCR data also confirmed that in the patient MCL cells CD27 and CD70 mRNA were overexpressed. In normal B cells, CD70 has a limited and tightly regulated expression in peripheral B cells and germinal centers in tonsils (28, 45) . CD27-CD70 costimulation promotes B cell expansion, germinal center formation, and plasma cell differentiation (46) . Gene expression studies have shown that CD70 is up-regulated (22-80%) in MCL (6, 8, 47, 48) . A subset of CLL cells exhibited a vigorous proliferative response to a CD70 monoclonal antibody indicating that CD70 can act as a receptor (28) . Anti-CD70 antibody-drug conjugates containing Aurostatin derivatives are cytotoxic in CD70-expressing renal cell carcinoma cells (49) , and an antihuman CD70 monoclonal antibody induces tumor cell lysis in B lineage cancers (28) . Thus, CD70 meets many of the criteria required for a therapeutic antigen, and this protein may be a suitable target for antibody therapy in mantle cell lymphoma.
The elevated levels of PKC␤II in MCL plasma membranes indicated that this kinase was constitutively activated. The pathological significance of this in malignant B cells is unclear, but in normal B cells BCR-mediated PKC activation leads to NF-B activation and B cell survival (for reviews, see Refs. 50 and 51). Triggering of the B cell receptor generates diacylglycerol and release of Ca 2ϩ that both bind to phosphorylated PKC␤, thereby increasing its affinity for plasma membrane phospholipids. BCR signaling in CLL cells is regulated by overexpressed active PKC␤II (52) , and plasma membrane expression of PKC␤II in diffuse large B cell lymphoma (DLBCL) is correlated with a poor response to chemotherapy and survival (53) . The specific PKC␤ inhibitor Ly379I96 induces apoptosis in DLBCL cell lines (35) . In DLBCL PKC␤ expression is inversely correlated with survival, indicating that activation/overexpression of the kinase acts as a survival signal (53) . PKC␤ and the IB kinase complex are recruited into lipid rafts (35) , and after ligation the BCR rapidly associminus Z-VAD-fmk (100 M). Nuclei were stained with Hoechst 33342 and visualized by confocal microscopy using a Zeiss LSM 510 microscope and a 405 nm laser (blue diode) at 40ϫ magnification with a 1. ates with lipid raft domains and is in close contact with the Src family kinases Lyn, Fyn, and Blk (54) . Therefore, given its localization and abundance it is possible that PKC␤II has a key role in promoting MCL and CLL cell survival.
The association of PKC␤II with the MCL plasma membranes suggested constitutive activation of the BCR and recruitment into the lipid rafts, and analysis of MCL lipid rafts by LC-MS/MS revealed significant proteomic changes. Raftlin, a B cell-specific raft protein (22) , was strongly down-regulated in patient MCL lipid rafts. Disruption of the raftlin gene in the DT40 B lymphocyte cell line reduces the content of specific raft proteins (e.g. Lyn kinase) and results in reduced cell proliferation and attenuated BCR signaling (22) . The RT-PCR data also showed down-regulation of raftlin mRNA in MCL cells. Interestingly although the protein profiling data (Fig. 3) revealed that raftlin is markedly down-regulated in lipid rafts of primary MCL cells it is still expressed in the lipid rafts of MCL cell lines. The down-regulation of raftlin could have important consequences for MCL cell signaling as the BCR receptor is composed of the antigen-binding immunoglobulin molecule and associated heterodimer Ig␣-Ig␤, which contains cytoplasmic immunoreceptor tyrosine-based activation motifs. Ligated BCR is believed to associate with lipid rafts and initiate signaling by Lyn-dependent phosphorylation of immunoreceptor tyrosine-based activation motifs, which then bind and activate the protein tyrosine kinase Syk, thereby triggering the signaling cascade. Lyn kinase is believed to be a key component of lipid rafts, and Lyn was detected in both MCL cells and cell lines by LC-MS/MS. Current evidence indicates that B cells during their development are regulated at different checkpoints by BCR signaling that executes crucial cell fate decisions including cell death and differentiation (55) . Activation of Syk leads to activation of the phosphatidylinositol 3-kinase/AKT pathways and the production of inositol 1,4,5-trisphosphate, which in turn leads to Ca 2ϩ release and diacylglycerol production; both Ca 2ϩ and diacylglycerol are involved in PKC activation. Both Ca 2ϩ and PKC are crucial for the activation of extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), p38 mitogen-activated protein kinase (MAPK), and transcription factors such as NF-B and nuclear factor of activated T cells (NFAT). The consequences for MCL cells of these deregulated cell survival pathways may be to give MCL cells a survival advantage, which allows the malignant cells to survive and proliferate.
MCL is thought to be derived from naïve pregerminal B cells localized in primary follicles or in the mantle region of secondary follicles. However, increasing evidence suggests that MCL is derived from preactivated B cells (56) . Analysis of B cell lymphomas assumes that malignant B cells keep many of the characteristics of the normal B cell (56) . Consequently the malignant B cell should retain the protein characteristics of the B cell at that stage of development at which the malignant transformation occurred. In this study CD70, CD27, and CD31 were up-regulated in MCL cells. Although germinal center cells express CD27 (57) and CD31 (30) , only a subset of germinal center cells express CD70 (28, 45) . PAG/Cbp has been reported to be strongly expressed in germinal B cells (58) but not in mantle cells. In contrast, in our study both raftlin and PAG/Cbp were down-regulated in the MCL cells, and PAG/Cbp has also been reported to be down-regulated in MCL cells (59) , which is in agreement with the current results. This suggests that PAG/Cbp may be a promising negative prognostic marker for MCL. The expression of raftlin and 5-LO during B cell development has not been fully characterized. Although in the case of 5-LO (while the current study was under review), an advance publication has reported that in tonsil tissue 5-LO is strongly expressed in the mantle zone but only weakly expressed in the germinal center (66) . These data validate our findings and strongly suggest that the mantle zone cells have up-regulated levels of 5-LO. Thus, some proteins (i.e. PAG/Cbp and 5-LO) found in the circulating leukemic cells can be directly related to the lymphoid mantle zone, whereas other proteins such as CD70, CD27, and CD31 appear to originate from the germinal cells. These results suggest that the MCL has a more complex origin than hitherto believed.
The ability of "shotgun proteomics" to identify novel proteins provides the possibility of uncovering unexpected changes in the biochemistry of malignant cells. In this respect the design of follow-up experiments depends on the type of proteins identified or in what cellular/subcellular location the proteins were identified. A totally uncharacterized protein will require the generation of antibodies and/or affinity-tagged constructs that can be used to identify interacting partners and thereby gain possible insights into the function/role of the novel protein. Clearly the differential expression and immunohistochemical localization of such proteins in lymph node biopsies would need to be profiled across a large cohort of patient samples and compared with normal tonsils. In some cases the novelty of the protein that has been detected is related to the location of the protein within the cell, and a very good example is the marked up-regulation of 5-LO and its localization in lipid rafts in primary MCL cells. The function of leukotriene biosynthesis in B lymphocytes is unclear, but it appears to be important in B cell malignancies as gene expression studies have shown that 5-LO is one of the most abundantly overexpressed genes (Х6-fold increase) in CLL (60) . In MCL cells we found a similar overexpression of 5-LO both at the protein and mRNA levels, and inhibitors of 5-LO and FLAP were potent inducers of apoptosis in MCL cell lines and primary CLL cells (Fig. 5) . This implies that 5-LO and leukotriene synthesis confer a survival advantage to CLL and MCL cells, and there is increasing evidence that 5-LO overexpression is procarcinogenic in many cell types (for reviews, see Refs. 42 and 61). Both 5-LO expression and LT biosynthesis are tightly regulated, and in resting cells, 5-LO is located either in the cytosol or in the nucleus. After activation, 5-LO co-migrates with cytosolic phospholipase A 2 to the nuclear membrane where cytosolic phospholipase A 2 produces arachidonic acid from phospholipids that is transferred by FLAP to 5-LO, thereby stimulating LT biosynthesis. Thus, the activation of 5-LO is dependent on it being associated with a membrane, and the presence of large amounts of 5-LO associated with lipid rafts is of interest. Leukotriene synthesis in response to the calcium ionophore A32187 is inhibited by methyl-␤-cyclodextrin, a cholesterol-depleting drug that disrupts lipid raft and cell signaling pathways (62) . Co-localization of FLAP with flotillin 1 was observed in lipid raft fractions isolated from rat peripheral blood basophilic leukemia cells (62) . Therefore, the presence of 5-LO in the plasma membranes and lipid rafts of MCL cells may indicate that this is a hitherto unknown site for 5-LO activation.
The downstream effects of the products of 5-LO activity are complex, but 5-HETE and LTA 4 can protect cancer cells from apoptosis (61) , and it has been suggested that eicosanoids act as agonists of the ligand-activated peroxisome proliferator-activated receptors (PPARs). Three isotypes, namely PPAR␣, PPAR␤/␦, and PPAR␥, mediate the transcriptional effects of fatty acids and metabolites (for a review, see Ref. 63) . The transcriptional and metabolic effects of PPARs can have both pro-and antiapoptotic effects. Thus, peroxisome proliferators suppress spontaneous and induced apoptosis in rodent but not human hepatocytes probably by agonist activation of PPAR␣ (64) . In contrast PPAR␥ activation appears to have antitumorigenic effects, and PPAR␥ agonists have been shown to induce apoptosis in normal and malignant B lineage cells (65) . The natural PPAR␥ agonist 15-deoxy-⌬ 12,14 -prostaglandin J 2 and the synthetic ligands pioglitazone and rosiglitazone induce apoptosis in MCL cell lines (67) . Interestingly MK886 has been reported to induce apoptosis in lung cancer cell lines accompanied by upregulation of PPAR␣ and PPAR␥ (68) . Furthermore the combination of MK886 and PPAR ligands produces superadditive inhibition of growth and induction of apoptosis. Thus, there is increasing evidence for the involvement of the 5-LO pathway in tumor cell proliferation and survival, suggesting that it could be a viable anticancer target. Our finding that 5-LO is overexpressed in MCL cells and the susceptibility of MCL cell lines and primary CLL cells to 5-LO and FLAP inhibitors indicate that this could be a promising therapeutic strategy for MCL and CLL. 
